Stable xenon (Xe)-enhanced computed tomog raphy is a potentially valuable tool for high resolution, three-dimensional measurement of CBF in patients. However, reports that Xe causes cerebrovascular dilation and increases intracranial pressure (ICP) have tempered enthusiasm for its use. The effects of 5 min of 33% Xe inhalation on ICP (right and left hemispheres) were stud ied in eight fentanyl-anesthetized Rh esus monkeys after right-sided cortical freeze injury. ICP, CBF, and physio logical variables were monitored for up to 6 h postinsult. The preinjury (control) right hemispheric ICP was 8 ± 5 mm Hg (mean ± SD) and left hemispheric ICP was 5 ± 2 mm Hg. Postinjury observations were classified into low «15 mm Hg) and high ICP (�15 mm Hg) groups. Both
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A potential problem in using Xe/CT for CBF mea surements in head-injured patients has been raised by several reports suggesting that inhalation of sta ble Xe can increase intracranial pressure (ICP) (Gur et aI., 1982; Harrington et aI., 1986 ). An increase in cerebral blood volume associated with Xe-induced augmentation of flow (Gur et aI., 1985; Junck et aI., 1985a; Obrist et aI., 1985) is thought to be the mech anism by which Xe increases ICP. Xe-induced in creases in ICP could substantially limit the applica tion of this potentially valuable technique for CBF measurement in head-injured patients. Studies sug gesting an adverse effect of Xe on ICP, however, have been ill defined and poorly controlled (Gur et aI., 1982; Harrington et aI., 1986) . Our aim, there fore, was to evaluate the ICP response to 33% sta-ble Xe inhalation in a primate model of intracranial hypertension induced by cortical freeze injury.
METHODS
This protocol was approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. Eight rhesus monkeys (Macaca mulatta) of both sexes and weighing between 4 and 6 kg were fasted overnight but given free access to water. On the day of the exper iment, the animals were anesthetized with ketamine hy drochloride, 10 mg/kg i.m. and transported to the labora tory.
The trachea was intubated and the lungs mechanically ventilated (Harvard Apparatus Inc., South Natick, MA, U.S.A.) at 15-20 mllkg with minute ventilation adjusted to maintain end-tidal CO2 at 5%. Peripheral i.v. catheters were inserted and 5% dextrose in 0.45% NaCI was in fused at 5 ml kg -1 h -1. During surgical preparations, anesthesia was maintained with i.v. ketamine, 1-2 mg kg -1 h -1 and rectal temperature was kept at between 37 to 38°C with a heated water blanket. Pancuronium bro mide (0.05--0.10 mg/kg i.v.) was used intermittently for immobilization. Femoral artery catheters were inserted for monitoring MABP and for blood sampling for mea surement of arterial blood gas tensions and pH.
Small burr holes were made bilaterally over the parietal cortices and Silastic-tipped catheters were inserted into the subdural space to monitor ICP. The dura and burr holes were sealed with cyanoacrylate glue (K-Products, Waltham, MA, U.S.A.) and methylmethacrylate cement (Koldmount, Vernon-Bishop Inc., Albany, NY, U.S.A.). Arterial pressure transducers were zeroed at the left atrium, and ICP transducers at the level of the external auditory canal. All pressures were monitored on a Grass polygraph (Grass Instruments, Quincy, MA, U.S.A.). For the cortical freeze injury, a 1.5-cm-diameter area of the outer table of the right parietal bone over the central gyrus, approximately 2 cm lateral to the sagittal suture, was removed, leaving the inner table intact.
The animal was then transported to the CT scanning facility and placed prone on the CT table. The head was fixed in position by a specially designed Plexiglas head holder. In the scanner, anesthesia was maintained with fentanyl citrate, 25 f.Lg/kg i.v., followed by 25-50 f.Lg/h.
The monkeys were ventilated with 67% O2 and 33% nitrogen during a 20-30 min equilibration period. Then two to three baseline (preinjury) CBF measurements were made using a GE 9800 CT scanner (GE Medical Systems, Milwaukee, WI, U.S.A.) adapted for CBF im aging. For Xe/CT CBF measurements, a gas mixture con taining 33% Xe/67% O2 (Xe SCAN, Linde Medical Gases, Somerset, NJ, U.S.A.) was delivered via the Harvard ventilator for 5 min while serial Xe-enhanced CT scans were obtained. A peak end-tidal Xe concentration of 30-31% was reached after approximately 1 min of Xe inhalation.
Mter baseline CBF and physiologic measurements had been obtained, the freeze injury was induced. A 5 ml plastic syringe with its distal tip cut off was inserted into the right parietal skull defect, and liquid nitrogen poured into the syringe for 10 min. This injury ultimately results in a severe brain edema with mass effect and an increase in ICP (Fig. 1) . After the freeze injury, the skull was rewarmed with 37°C tap water. After rewarming, Xe/CT CBF and physiologic measurements were obtained at 5, 15, and 30 min and then hourly for up to 6 h. Arterial blood gas tensions and pH were measured at the end of each CBF measurement. At the conclusion of the exper iment, the monkey was killed with an i. v. injection of saturated KCI.
To evaluate the effects of Xe on ICP and MABP, these values were obtained before and at I-min intervals during Xe inhalation. All preinjury (control) observations were grouped. For postinjury ICP analysis, each hemisphere was considered individually and the observations classi fied into low (lCP < 15 mm Hg) and high (ICP � 15 mm Hg) ICP groups. Baseline physiologic variables were compared with those during Xe inhalation using repeated measures analysis of variance. Post hoc tests of statistical significance were obtained using the Student-Newman Keuls test, with p values <0.05 being considered signifi cant. Data are presented as mean ± SD. The CBF data acquired in this study will be presented in a separate re port.
RESULTS
Baseline mean ICP in the control period appeared to be higher in the right (8 ± 5 mm Hg) than in the left (5 ± 2 mm Hg) hemisphere but the difference was not significant (Table O . In this preinjury con trol period, 5 min of Xe inhalation affected neither the right nor the left hemispheric ICP. Control MABP was also unaffected by Xe inhalation.
All observations after 30 min postinjury (N = 5) from one of the eight monkeys were excluded be cause of instability and questionable reliability in the ICP recordings. In this monkey, B waves were observed after injury, although they appeared to stabilize during Xe inhalation (Fig. 2) . Observations after 3 h postinjury (N = 3) were excluded from another monkey because of hemodynamic instabil ity. Mean ICP after injury was 9 ± 3 mm Hg in both hemispheres in the low ICP group but 20 ± 5 mm Hg in the right and 21 ± 6 mm Hg in the left hemi sphere in the high ICP group (Table 2) . Statistical analyses revealed no increase in ICP in either hemi sphere for either group during Xe inhalation. Paco2 values were similar between the control (32 ± 6 mm Hg) and postinjury observations (33 ± 5 mm Hg).
MABP remained constant throughout the control period, but after injury it decreased (p < 0.05) be low baseline between 2 and 5 min after the begin ning of Xe inhalation in both the low and high ICP groups. The average decrease in MABP from base line to the end of Xe inhalation ranged from 10 to 15 mm Hg in the low ICP group and 10 to 17 mm Hg in the high ICP group.
DISCUSSION
Our finding of no effect of 33% Xe/67% O2 inha lation for 5 min with or without increased ICP is consistent with our previous report in which little or no effect of Xe on ICP was noted in a group of patients with severe head injury (Darby et aI. , 1989) . Harrington et al. (1986) reported increases in ICP of up to 132% during a 7-min period of 35% Xe inhalation in head-injured patients. However, the circumstances surrounding their measurements were not reported. Specifically, neither arterial blood gas values nor events during ventilation such as coughing, agitation, or changes in minute venti lation were indicated. Finally, the clinical signifi cance of the ICP changes they reported is unclear because the absolute values of ICP were not re ported.
Increased cerebral blood volume produced by stable Xe-induced flow augmentation has been sug gested as the mechanism by which increases in ICP might occur during Xe inhalation. The degree and timing of such flow augmentation by Xe, however, are controversial. Clouding the controversy are varying factors such as inhaled Xe gas concentra- tion (Giller et aI., 1990) , duration of inhalation (Dettmers et aI., 1987) , degree of hypocapnia (Obrist et aI., 1985; Giller et aI. , 1990) , animal spe cies (Yonas et aI. , 1985) , the use of sedative agents (Junck et aI., 1985b) , and respiratory irregularity with hypoventilation (Latchaw et aI. , 1987) , all of which may influence the CBF response to inhaled Xe. We used inhaled Xe concentrations and dura tions of inhalation similar to those used in other studies in which increases in CBF have been noted (Obrist et aI., 1985; Dettmers et aI. , 1987) . The pres ence of narcotic anesthesia and mild hyperventila tion could explain the lack of any significant in crease in ICP during Xe inhalation in our studies. On the other hand, our experiments, which exam ined the effect of 33% Xe inhalation on ICP in a model of intracranial hypertension induced by freeze injury, should have been sensitive to any va sodilatory effect of Xe on the cerebral vasculature. Marmarou et al. (1976) studied the intracranial pres sure-volume index (PVI) in cats subjected to 5 min of direct frontal pole cortical freeze injury with liq uid nitrogen. They reported that in animals whose brain tissue pressure (BTP; stated to be equivalent to ventricular fluid pressure) increased by less than 10 mm Hg, PVI decreased by 10%. If BTP in creased by more than 10 mm Hg, PVI decreased by 25%, and if BTP increased by more than 20 mm Hg, PVI decreased by 43 to 57% of the control value. Thus, it is likely that any major vasodilating effect of Xe on cerebral blood vessels should have been evident as an increase in ICP in this model. Had we used higher concentrations of inhaled xenon or al lowed our animals to breath spontaneously, in creases in ICP due to vasodilation could have oc curred.
A clinically relevant finding is that postinjury Xe inhalation decreased MABP by an average of 10 to 15 mm Hg. Except under hyperbaric conditions (Pittinger et aI., 1955) , stable Xe inhalation has not been reported to cause a reduction in arterial blood pressure when used either as an anesthetic (Cullen and Gross, 1951; Pittinger et aI., 1953; Morris et aI., 1955; Boomsma et aI., 1990; Lachman et aI., 1990) or when used for clinical CBF studies (Holl et aI., 1987; Latchaw et aI., 1987) . A trend toward a re duction in blood pressure was noted in our previous study in patients with head injury (Darby et aI., 1989) , but it did not reach statistical significance. The combined effects of fentanyl and subanesthetic doses of Xe could have increased the depth of an esthesia and blunted the sympathetic response after injury, thus causing the observed decrease in blood pressure.
The conditions of our studies were similar to clin ical circumstances, since patients with severe head injury are usually hyperventilated and sedated for control of ICP. In situations where CBF informa tion may be important for patient care, our studies indicate that stable Xe can be administered safely, without causing clinically relevant increases in ICP. Indeed, our observations suggest that 33% Xe inha lation might even stabilize ICP in some circum stances (Fig. 2) . However, Xe inhalation could also decrease arterial blood pressure, with the potential of precipitating ICP waves (Rosner and Becker, 1984) or decreasing CBF in regions with impaired autoregulation. Therefore, systemic arterial pres sure should be maintained at adequate levels before XE/CT CBF studies are undertaken in patients with head injury and it should be monitored continuously throughout the procedure.
